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Anthropogenic global change is altering food web dynamics. Global change comprises
factors, like temperature, sound, light and more. In this dissertation, I evaluate how two factors,
sound and temperature, alter prairie communities. In Chapter 1, I test if sound influences
grasshopper respiration rate, thereby altering diet. Some sound frequencies increased
grasshopper respiration rate while others decreased respiration rate. Frequencies that elevated
respiration rate led to grasshoppers consuming more carbohydrate-rich foods compared to
protein-rich foods. This diet change stems from a carbon deficit due to increased respiration rate
and could act as a mechanism by which sound pollution indirectly alters plant communities.
In Chapter 2, I test the hypothesis that sound can alter grasshopper movement. In
response to sound-induced stress grasshoppers may alter their movement in one of two ways: in
situ and displacement. I found no evidence that grasshoppers, nor non-Orthopteran insects alter
their movement in the presence of sound. This chapter provides foundational methods to evaluate
sound for applications in conservation and management. Further research will improve
techniques for grassland or agricultural systems.
Temperature is another driver of community change. What is less understood is how
warming influences predator-pollinator relationships. In Chapter 3, I ask if warming alters a

spider that consumes pollinators in a prairie system. My results indicate that pollinators benefit
when spiders are not on the flower. Warming shifts spiders down the plant, thus positively
impacting pollinator-plant interactions. In addition, warming may benefit plants two-fold if
spiders shift their diet to herbivores. This requires additional research, but it is evident that
warming generates a positive indirect effect on plants.
These chapters contribute to a growing understanding of how global change is
restructuring ecosystems. While global change may alter population dynamics or lead to
evolutionary change over longer time scales, behavioral responses happen rapidly and can drive
ecological dynamics in the short term. My dissertation demonstrates that sound and temperature
alter animal behavior that cascades to lower trophic levels. Thus, in addition to demonstrating the
indirect effects of global change, these experiments contribute to growing literature on the
importance of top-down control in shaping ecosystems.
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CHAPTER I
ANTHROPOGENIC SOUND ALTERS HERBIVORE DIET
1.1

Abstract
Anthropogenic sound is common even in remote natural areas, yet relatively little is

known about how it affects species and their ecological interactions. Stress caused by
anthropogenic sound may alter an animal’s physiology and behavior, thus affecting other species
in the community. Previous research has demonstrated that factors such as predation risk and
temperature can induce stress in insect herbivores and increase their respiration rates. As
respiration rate increases, individuals expel more carbon dioxide leading to a carbon deficit.
Individuals replace the lost carbon by consuming more carbohydrate-rich food instead of proteinrich food, thereby altering patterns of herbivory and ultimately affect community composition
and ecosystem processes. I tested the hypothesis that anthropogenic sound can alter grasshopper
diet, mediated by stress. Specifically, I measured grasshopper respiration rate in the presence of
21 different sound frequencies. Most of these frequencies had no detectable effect on
grasshopper respiration rate, although four frequencies elevated grasshopper respiration rate
while three others decreased respiration rate. I then conducted an experiment to determine if
exposure to sounds that increased or decreased respiration rates had predictable effects on
grasshopper diet. Grasshoppers exposed to frequencies that increased respiration rates consumed
more carbohydrate-rich food whereas grasshoppers exposed to sounds that decreased respiration
rates consumed marginally more protein-rich food. These experiments demonstrate that
1

anthropogenic sound can alter grasshopper diet through the same mechanism as predation risk
and temperature and therefore may generate similar indirect effects on plant communities.
1.2

Introduction
Human population growth and activities are altering Earth’s abiotic environment (Grimm

et al. 2008). Individual organisms in the environment may be affected by changes in their
environment in ways that affect their physiology, behavior, and demographics (Pörtner and Peck
2010, Robinet and Roques 2010). However, all species interact with others within an ecological
community, the direct effects of global change on one species is likely to generate indirect
effects on other members of the community (Gilman et al. 2010). These interactions can extend
throughout a community and ecosystem (Tylianakis et al. 2008). Since the dynamics and
interactions within food webs are dependent on the abiotic environment, anthropogenic global
change stands to affect food webs and the species that comprise them (Occhipinti-Ambrogi 2007,
Tylianakis et al. 2008, Franklin et al. 2016) and therefore it is vital to evaluate direct and indirect
effects to predict future changes in communities.
Global change is a complex phenomenon that is altering most if not all aspects of the
abiotic environment, including atmospheric carbon dioxide concentration (Ehleringer et al.
2002), wind (Cherry and Barton 2017), soil salinity (Harmon and Daigh 2017), and others. Each
of these can alter food web dynamics (Lindroth 2010, Jamieson et al. 2012, Miles et al. 2019).
Concerns about the effects of global change on ecosystems have motivated many ecological
investigations in recent decades, however these studies disproportionately study a small number
of abiotic factors, such as temperature and precipitation, and little work has been conducted on
others (Barton 2017, Devegili et al. 2019). For example, anthropogenic sound has increased
significantly in the last century (Warren et al. 2006, Zannin et al. 2006, Hildebrand 2009). Sound
2

pollution is often associated with developed areas, however recent analyses have revealed that
large amounts of anthropogenic sound are found even in remote and protected areas (Buxton et
al. 2017). Sources of anthropogenic sound include increased urbanization (Kumar et al. 2018,
Vitkauskaite and Grubliauskas 2018), increased commercial shipping and military aquatic
activity (Hildebrand 2004, Nowacek et al. 2007), human recreational activities (Patthey et al.
2008, Brown et al. 2012), and industrial production (Hildebrand 2004, Shannon et al. 2016).
Anthropogenic sound can be a significant stressor to animals (reviewed in Perry 1998,
Wright et al. 2007b, Kight and Swaddle 2011) and generate indirect effects by altering their
intraspecific (Slabbekoorn and Ripmeester 2008, Popper and Hastings 2009, Shieh et al. 2012)
and interspecific interactions (Francis et al. 2009, Radford et al. 2014, Barton et al. 2018).
Elevated sound levels have been associated with increased metabolism (Richardson et al. 1986,
Dromey and Ramig 1998, Wright et al. 2007b, Lyamin et al. 2011), cardiac output (Graham and
Cooke 2008), oxygen consumption (Wale et al. 2013), and stress hormone levels (Tennessen et
al. 2014). Each of these factors suggests that the metabolic cost of being in an environment with
elevated sound is higher relative to an environment with lower sound levels.
An animal may take different approaches to cope with increased metabolic costs. One
approach is to simply consume more of the food that they are already consuming. A metaanalysis demonstrated this mechanism, reporting a 17% increase in insect consumption rates in
the presence of elevated carbon dioxide levels (Stiling and Cornelissen 2007). However, stress
may also change the kinds of nutrients that an animal needs to maintain homeostasis and thus
motivate them to change the types of food that they seek out (MacAthur and Pianka 1966, Pyke
et al. 1977, Simpson and Raubenheimer 1993, McMahon et al. 2018). For example, predators
have been shown to induce stress in grasshoppers, prompting grasshoppers to feed on more
3

carbohydrate-rich foods instead of protein-rich foods (Hawlena and Schmitz 2010a). Higher
temperatures further exacerbate stress and lead to greater consumption of carbohydrates relative
to proteins (Schmitz et al. 2016). A similar pattern has been described in copepods (Boersma et
al. 2016). The proposed mechanism explaining this pattern is that stress increases respiration
rate, and during respiration an animal exhales carbon, which leads to a carbon deficit (Hawlena
and Schmitz 2010b). To meet the higher carbon demands associated with high respiration,
grasshoppers alter their diet to feed on carbohydrate-rich food (Hawlena and Schmitz 2010b).
While the existing literature has focused on the effects of predation risk and temperature on
grasshopper respiration rate and diet selection, this pattern may be generalizable to other
stressors, such as anthropogenic sound.
I hypothesize that anthropogenic sound can generate community-wide effects that are
mediated by shifts in grasshopper diet. To test this hypothesis, I first quantified change in
grasshopper respiration rate in response to 21 different sound frequencies. I predicted that
different sound frequencies would increase or decrease respiration rates, while others would have
no effect. Following that, I conducted an experiment to determine if those sound frequencies
could be used to induce changes in grasshopper diet. I predicted that grasshoppers exposed to
sound frequencies that increased their respiration rates would cause them to consume more
carbohydrate-rich food. Conversely, I predicted that sound frequencies that decreased
grasshopper respiration rates would cause them to consume more protein-rich food. Results from
these laboratory analyses are an important step towards our understanding of how anthropogenic
sound may indirectly alter ecological communities in the future.

4

1.3
1.3.1

Methods
Grasshopper Rearing
Melanoplus sanguinipes eggs were shipped in containers containing vermiculite-soil

mixture from Arizona State University. Containers were stored at approximately 4°C to maintain
diapause. To hatch eggs, I placed 15 – 30 eggs in a vermiculite-soil mixture. I misted the soil to
provide additional moisture before putting egg containers in 61 x 61 x 61 cm mesh cages
(Megaview Science Co., Taichung TW; Distributed through BioQuip Products Inc., Rancho
Dominquez, CA, USA). Cages were housed in an enclosed room at approximately 27°C with a
14:10 hour light to dark ratio. Upon hatching, grasshoppers were fed store-bought organic
romaine lettuce (Lactuca sativa) ad libitum. Cages with hatched grasshoppers were also misted
daily to provide additional moisture.
1.3.2

Sound Pollution and Respiration Rate
I conducted an experiment to measure the respiration rate of grasshoppers when exposed

to different frequencies of sound. I exposed grasshoppers to 21 different frequencies and
evaluated respiration rate using a Low Range Respiration system (RP1LP, Qubit Systems,
Ontario CA; Figure 1.1). These 21 frequencies were chosen systematically to equally represent
the range of sounds that I could produce in an experimental setting (0.001 – 60 kHz; Table 1.1).
To generate sound frequencies, I used a signal generator (Koolertron, Shenzhen Kuletong
Technology Co. Limited, Shenzhen, CN) to produce pure tones of each of the 21 frequencies.
These tones were amplified using an amplifier (Gemini Sounds, NJ) and speakers (Yamaha
Corporation, Hamamatsu, Shizuoka, Japan). Speakers were placed inside an incubator to control
for environmental factors. The speaker was placed on a towel to dampen vibrations produced
from different sounds.
5

One 3rd – 5th instar grasshopper was placed inside a plastic respiration chamber (Figure
1.2) and suspended within the incubator 0.3 m away from the speaker. Suspending the chamber,
rather than placing it on the rack with the speaker, further reduced the chance of vibrations from
the speaker influencing our results. Grasshoppers acclimated for 30 minutes with no sounds
being played. For each trial, I recorded the baseline (no added sound) respiration rate of the
grasshopper and the experimental (sound exposure) respiration rate. I elected to randomly
sample either baseline respiration rate or experimental respiration rate first to minimize the
potential bias of habituation to the chamber.
To record baseline respiration rate, I restricted air flow to the environmental chamber for
five minutes. After five minutes, I measured the carbon dioxide concentration (ppm) in the
chamber. Using the Low Range Respiration System generated a figure with carbon dioxide on
the y-axis and time on the x-axis. Integrating the peak of this figure allowed me to quantify the
carbon dioxide concentration in the environmental chamber for the duration that the grasshopper
was isolated. After measuring the respiration rate, I allowed the grasshopper to reacclimate to the
chamber for five minutes.
I followed a similar process to measure respiration rate for the grasshopper when exposed
to a sound frequency. However, before the five-minute isolation period, I exposed the
grasshopper to the selected sound frequency for one minute. Sound continued to play for the five
minutes that air flow was restricted in the environmental chamber. Again, the grasshopper
acclimated for five minutes before I conducted another measurement. Recording the baseline
respiration rate and the experimental respiration rate represented one trial. After both respiration
rate measurements were conducted, I selected a new frequency randomly and repeated the
process. Each grasshopper was exposed to four frequencies before a new grasshopper was added
6

to the chamber. As this was an exploratory study, I began by sampling 10 replicates of each of
the 21 frequencies. Following this, I evaluated the effect of sound frequency on respiration rate
as I explain below. For frequencies that show an effect on respiration rate, I sampled an
additional 22 replicates (n = 10 – 32).
To compare the effects of sound frequency on grasshopper respiration rate, I calculated
an effect magnitude for each trial. The effect magnitude is represented by the natural log of the
quotient of the experimental respiration rate divided by the baseline respiration rate. The study
was exploratory in nature. Therefore, I evaluated the effects of sound frequency on respiration
rate by the mean effect magnitude of grasshopper respiration rate plus or minus one standard
error. A treatment with a respiration rate overlapping zero suggested that, that sound frequency
did not influence respiration rate. In addition, I constructed a generalized linear model, assuming
a Gamma distribution, to evaluate if grasshopper respiration rate was influenced by sound being
played.
1.3.3

Sound Pollution and Diet Switching
I conducted an experiment to measure the amount of food consumed by grasshoppers

when exposed to different sound frequencies. I created three different treatments using the sound
frequencies from the previous experiment (Figure 1.3). One treatment served as a control, where
no sound was played. A second treatment was a playlist of frequencies (0.1 kHz, 0.75 kHz, and 2
kHz) that elevated grasshopper respiration rate. A third treatment was a playlist of frequencies (5
kHz, 20 kHz) that lowered grasshopper respiration rate. Each sound frequency played for 30
seconds. Following the 30 seconds of a given sound exposure, there was 30 seconds where no
sound was played, before a new sound frequency was played.
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The following experimental procedure was adapted from previously established protocols
of food-choice experiments (Hawlena and Schmitz 2010a, Schmitz et al. 2016, McMahon et al.
2018). Inside of a plastic terrarium cage (20 x 12 x 14 cm), I placed a grasshopper and two petri
dishes (4.0 cm diameter) containing artificial food. The artificial food was created following
established protocols in literature (Lee et al. 2002, Behmer and Joern 2008, Hawlena and
Schmitz 2010a, McMahon et al. 2018). The only difference in the two artificial food sources was
the proportion of protein and carbohydrates. One petri dish contained protein-rich (28% protein,
7% carbohydrate) food. The other petri dish contained carbohydrate-rich (28% carbohydrate, 7%
protein) food. Terraria were placed inside of incubators to control for abiotic factors, such as
temperature, light, and humidity. Grasshoppers acclimated in these terraria, inside the incubator,
for 24 hours. After 24 hours, I exposed grasshoppers to sound using a wireless Bluetooth speaker
suspended from one end of the incubator. Grasshoppers were exposed to sound treatments for 24
hours prior to the start of the experiment.
After 48 hours (24 hours of acclimation and 24 hours of sound exposure) I placed
approximately 130 mg of protein-rich and carbohydrate-rich food in separate petri dishes and
recorded the mass. This indicated the beginning of the experiment, which continued for 48 hours
during which, sound continued to play. After this time, I collected the petri dishes from the
terraria. I removed all feces from the petri dishes before measuring the mass again. Using initial
and final mass of the food, I quantified the amount of food grasshoppers consumed from the
protein rich and carbohydrate rich sources. Grasshoppers were removed from the terraria and
new grasshoppers were placed inside to begin another trial. I repeated this procedure for 23
replicates of the low respiration rate sound treatment and 24 replicates of both the control and
high respiration rate sound treatments.
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I measured the amount of protein-rich food consumed relative to carbohydrate-rich food
for each sound treatment. I constructed a linear model to analyze the effects of sound treatment
and diet type on the mass of artificial food consumed, assuming a normal distribution. I followed
the linear model with three post-hoc t-tests to compare food consumed between protein-rich and
carbohydrate-rich diet type, within the three sound treatments (McMahon et al. 2018).
1.4
1.4.1

Results
Sound Pollution and Respiration Rate
Of the 21 sound frequencies sampled, seven frequencies showed nonzero effect

magnitudes (Figure 1.3). A nonzero effect magnitude is indicated by the grasshopper’s mean
respiration rate and standard error not overlapping zero for a given sound frequency. Four sound
frequencies led to a respiration rate effect magnitude greater than zero while three sound
frequencies led to a respiration rate effect magnitude less than zero (Figure 1.3). Effect
magnitudes greater than zero mean grasshopper respiration rate was elevated while exposed to a
sound frequency compared to the baseline respiration rate. Alternatively, effect magnitudes
lower than zero mean grasshopper respiration rate decreased, compared to baseline respiration
rate, when exposed to sound. The linear model revealed that none of the frequencies significantly
altered grasshopper respiration rate between sound and control treatments (Table 1.2).
1.4.2

Sound Pollution and Diet Switching
In each sound treatment, grasshoppers consumed approximately similar amounts of

artificial food (i.e., 30-40 mg over 48 hours). However, the amounts of each food type consumed
differed among sound treatments (F = 4.376, df = 5, 134, p = 0.001). During control sound
treatments, grasshoppers consumed approximately equal amounts of the carbohydrate-rich and
9

protein-rich food sources (t = -0.857, p = 0.397; Figure 1.4). In the low respiration rate
treatments, grasshoppers consumed 29.5% less of the carbohydrate-rich food relative to the
protein-rich food (t = -1.733, p = 0.090; Figure 1.4). In contrast, grasshoppers in the high
respiration rate sound treatments consumed 50% more of the carbohydrate-rich food relative to
the protein-rich food (t = 3.978, p < 0.001; Figure 1.4).
1.5

Discussion
Although linear models failed to detect any differences between control (no sound) and

sound treatments for any frequency, one-third of the tested sound frequencies resulted in a nonzero effect on respiration rate in grasshoppers (Figure 1.3). It is important to note that the tested
frequencies were selected to capture a wide range of possible frequencies, but do not represent a
random or comprehensive sample. From an environmental and conservation perspective, it is
encouraging that two-thirds of tested sounds did not have detectable effects. However, assuming
this proportion is representative of the other frequencies associated with anthropogenic sound,
there are likely to be many sounds in the environment that directly affect grasshoppers and other
organisms. Ultimately, the respirometry experiments were not aimed at detecting which sound
frequencies have an effect and which do not. Instead, this part of the study was intended to
identify which sound frequencies could be used in the subsequent experiments on diet. Thus, I
am less concerned about the significance level of these linear models, and more interested in the
effect magnitudes of the frequencies.
I found three sound frequencies (5, 20, and 25 kHz) that lowered grasshopper respiration
rate where the effect magnitude did not overlap with zero. While lower respiration rate is not
generally considered a stress response, it is evidence that grasshoppers are still responding to
these sound frequencies. Should the magnitude of this response be large and persist, it may
10

impact an individual’s fitness (Bowen et al. 2020, Classen-Rodríguez et al. 2021). For example,
grasshoppers may reduce movement or freeze as a defensive strategy in response to predation
risk (Steiner 1981, Miller et al. 2014, Humphreys and Ruxton 2018), forcing them to balance
foraging with predator avoidance. Sound may elicit a similar impact in grasshoppers, hindering
innate activities such as foraging or mating.
Four sound frequencies (0.1, 0.75, 2, and 50 kHz) elevated grasshopper respiration rate
(Figure 1.3). Elevated respiration rate can be considered a stress response (Neven 2000, Khaliq
et al. 2014), suggesting that sound pollution can act as a physiological stressor to organisms. If
these sound frequencies are intense or chronic, organisms may have long term impacts on fitness
in a myriad of ways (Boonstra 2013), including physiological (Adamo 2017), behavioral (Adamo
and Baker 2011), and developmental (Green et al. 2019) repercussions. Physiological stress
responses from abiotic factors, such as temperature (Neven 2000, Colinet et al. 2015), chemical
pesticides (Karise and Mänd 2015, Bantz et al. 2018), precipitation (Kolb et al. 2016), and
carbon dioxide concentration (Holopainen 2002, MacAlpine et al. 2011) have been documented.
While sound also acts as an abiotic stressor, it is still unclear how it will influence insects in
tandem with these other factors. Therefore, incorporating sound into multifactorial experiments
will be crucial for predicting how stress in insects will respond to future anthropogenic global
change (Scherber et al. 2013, Rodrigues and Beldade 2020).
When grasshoppers were exposed to sound frequencies that increased respiration rate,
they shifted their diet choice to feed on carbohydrate-rich food (Figure 1.4). I propose that this
mechanism is mediated through grasshopper respiration rate. This mechanism has been
documented in other stress inducing factors, namely predation risk (Hawlena and Schmitz 2010a,
b, McMahon et al. 2018) and temperature (Schmitz et al. 2016). Increased respiration rate means
11

grasshoppers are expelling more carbon dioxide. This creates a carbon deficit in an individual, as
carbon can be one of the limiting resources in the environment (Hawlena and Schmitz 2010a).
Grasshoppers respond by shifting their diet to meet this new nutritional demand, intaking more
carbohydrates. In turn, grasshoppers sacrifice the nutrients needed for growth and development,
mainly protein (Roeder and Behmer 2014, Simpson et al. 2015). This same mechanism also
explains why grasshoppers feed more on protein-rich food when exposed to sound frequencies
that lower respiration rate, although this was only marginally significant in my study. Decreased
respiration rate allows grasshoppers to retain greater carbon reserves. In turn, grasshoppers can
feed more on protein-rich foods that will aid in growth and development (Le Gall and Behmer
2014, Roeder and Behmer 2014). To my knowledge, this is the first experiment to show that
sound can alter nutritional intake, mediated through increased respiration rate as a physiological
stress response.
Changing diet not only impacts the consumer but can also generate indirect effects on
other species in a community (Wright et al. 2007a, Simpson et al. 2016). This occurs because
heterogeneity exists in the nutrient composition of a consumer’s resource, such as different plant
species (Raubenheimer and Simpson 2003). Herbivorous insects, in particular, have been shown
to feed on protein-rich plants in the absence of stress, only shifting to carbohydrate-rich food
sources when an external stressor is introduced (Rothley et al. 1997, McMahon et al. 2018).
While it is beyond the scope of this study, elevated anthropogenic noise may indirectly alter
plant community composition in the same way other stressors have been found to do. For
example, in field studies of stress effects on another closely related Melanoplus femurrubrum,
Hawlena and Schmitz (2010a) proposed elevated respiration caused grasshoppers to feed on
carbohydrate-rich plants when a stressor was present, thus explaining a commonly observed shift
12

in plant community composition (Beckerman et al. 1997) and ecosystem functioning (Schmitz
2003, Strickland et al. 2013) in the presence of predators. Given that some sound frequencies
elevated grasshopper respiration and shifted diet, it would be a laudable next step to conduct a
field experiment to determine if sound can drive community and ecosystem-level effects.
I observed that some sound frequencies elevated grasshopper respiration rate while other
frequencies decreased respiration rate. Increased respiration rate from sound-induced stress led
grasshoppers to feed more on carbohydrate-rich food. Low respiration rate sounds shifted
grasshoppers towards protein-rich foods although this trend was marginally significant. The
results of these experiments support the hypothesis that sound can act as a stressor, like predation
risk and temperature. It also provides the foundation to understand if sound can alter plant
community composition, mediated through herbivore diet switching. Thus, incorporating sound
into future studies will be important for the growing body of literature investigating the role of
stress in community interactions.

13

Table 1.1

Sampled frequencies in sound treatments.

Infrasonic (kHz) Sonic (kHz) Ultrasonic (kHz)
0.001
0.02
25.0
0.003
0.05
35.0
0.005
0.10
40.0
0.01
0.25
50.0
0.5
60.0
0.75
1.0
2.0
5.0
10.0
Grasshoppers were exposed to 21 sound frequencies among infrasonic, sonic, and ultrasonic
ranges to evaluate their response to anthropogenic sound. The frequencies, in kHz, are listed
above in their respective categories.
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Table 1.2

Generalized linear model evaluating grasshopper respiration rate

Frequency (kHz) t-value p-value
0.003
1.81
0.8567
0.005
0.036
0.9713
0.01
-0.006
0.9951
0.02
-0.330
0.7417
0.05
0.242
0.8090
0.1
-0.647
0.5179
0.25
-0.401
0.6889
0.5
-0.054
0.9568
0.75
-0.269
0.7879
1.0
0.358
0.7202
2.0
-0.158
0.8747
5.0
0.257
0.7974
10.0
-0.106
0.9156
15.0
-0.072
0.9430
20.0
0.361
0.7184
25.0
0.160
0.8727
35.0
0.021
0.9835
40.0
-0.031
0.9754
50.0
-0.229
0.8191
60.0
-0.064
0.9492
Results of generalized linear model evaluating grasshopper respiration rate between sound and
control treatments for each of the tested frequencies. I assumed a Gamma distribution to account
for a rightward skew in the distribution of respiration rate.
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Figure 1.1

Low Range Respiration System (RP1LP, Qubit Systems, Ontario CA).
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Figure 1.2

Respiration Chamber with a Melanoplus sanguinipes grasshopper inside.
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Figure 1.3

Effect magnitude of grasshopper respiration rate at different sound frequencies

The effects of sound frequency on grasshopper respiration rate for all 21 sampled frequencies.
The y-axis indicates the mean effect magnitude of grasshopper respiration rate, which was
calculated by taking the natural log of the quotient of respiration rate when exposed to sound
divided by the respiration rate when exposed to no sound (baseline respiration rate). Error bars
represent ± 1 SE. Of the 21 frequencies sampled, I selected seven frequencies to use in the
following experiment. The mean effect magnitude and error of these frequencies did not overlap
zero.

18

Figure 1.4

Effect of sound treatment on amount of food consumed by grasshoppers

Food consumed by grasshoppers in three different sound treatments. The y-axis represents the
amount of carbohydrate-rich (dark gray box) or protein-rich (light gray box) food consumed
(mg) by grasshoppers. Grasshoppers in the High sound treatment were exposed to sound
frequencies that elevated respiration rates. Grasshoppers in the Low sound treatment were
exposed to sound frequencies that lowered respiration rate. Grasshoppers in the Control sound
treatment received no experimental sound exposure. Each box contains a line that represents the
median of the data collected. Edges of the box represent first, and third quartile regions of data
collected. In the three sound treatments, control grasshoppers fed indiscriminately between food
types (t = -0.857, p = 0.397), high respiration rate grasshoppers fed more on carbohydrate-rich
food (t = 3.978, p < 0.001), and low respiration rate grasshoppers fed marginally more on
protein-rich food (t = -1.733, p = 0.090).
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CHAPTER II
THE EFFECTS OF ANTHROPOGENIC SOUND ON HERBIVORE MOVEMENT
BEHAVIOR
2.1

Abstract
Increasing anthropogenic sound in natural environments is creating suboptimal

conditions and stress response within organisms. Individuals can alter behavior to mitigate the
effects of anthropogenic sound. Some organisms are known to remain in areas with high levels
of anthropogenic sound but alter their behaviors and movements in situ. Others are displaced by
the sound, moving away from the source of the sound so that either distance or structural
complexity of the environment ameliorates the sound. Using a common rangeland pest, the
migratory grasshopper (Melanoplus sanguinipes), I tested the hypothesis that sound alters
grasshopper movement at two different spatial scales: in situ and displacement. In the first
experiment, I conducted 96-minute observations of grasshoppers in small enclosures using video
tracking software. Grasshoppers were exposed to sounds that were previously found to increase
or decrease grasshopper respiration rates, as well as a no-sound control. Although the software
was successful at tracking and quantifying movement of grasshoppers, statistical analysis failed
to reveal any differences among treatments. Next, I quantified grasshopper and other, non-target
insect displacement using large mesocosms. In addition, grasshopper and non-Orthopteran
insects did not differ based on distance to sound, although this may be explained by poor
recovery rate of individuals. While sound did not influence grasshoppers and nontarget species,
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it remains unclear how sound may have application in conservation biological control and pest
management techniques.
2.2

Introduction
Urbanization and increasing human population are leading to elevated sound levels and

further encroachment in natural systems (Buxton et al. 2017, Morillas et al. 2018, Kunc and
Schmidt 2019). While the biological and ecological effects of anthropogenic sound on organisms
are still relatively understudied, it is evident that changes in sounds within an environment can
have important consequences. Sound can directly impact an organism, changing foraging
behavior (Luo et al. 2015), elevating stress-related hormones (Wright et al. 2007, Yang et al.
2021), and reducing movement (Snitman et al. 2022). Alternatively, sound can mask the
communication between conspecifics in ways that affect behavior (Halfwerk and Slabbekoorn
2009), mating (Sun and Narins 2005, Bent et al. 2021), and predator detection (Hayes and
Huntly 2005, Shannon et al. 2016a). By having direct effects on individuals, anthropogenic
sound can alter interspecific interactions and indirectly affect multiple organisms in the
community (Slabbekoorn and Halfwerk 2009, McMahon et al. 2017, Barton et al. 2018).
Understanding interactions between sound and the environment will be paramount for
understanding the net effects of global change on ecosystems.
Animals are not expected to passively accept suboptimal conditions when the
environment changes (Huey et al. 2012, Harmon and Barton 2013, Abram et al. 2017). In the
case of anthropogenic sound, organisms have two general options: remain in the location and
respond to the sounds in situ (Blesdoe and Blumstein 2014, Miller et al. 2022), or relocate to a
place that is distant or protected from the sound source. Animals that remain in their environment
may reduce movement in the presence of elevated sound (Warren et al. 2006, Barber et al. 2010).
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For example, on windy days pikas (Ochotona princeps) are less active because the wind noise
masks their ability to detect alarm calls from conspecifics (Hayes and Huntly 2005).
Alternatively, individuals may move more, in situ, if they are seeking refuge from sound but
unable to locate suitable protection or trying to complete activities, such as feeding (Shannon et
al. 2016b, Raboin and Elias 2019). For example, manatees (Trichechus manatus) in low noise
environments spend more time in nonfitness-enhancing behaviors such as milling, whereas
manatees in high noise environments spend relatively more time actively feeding (Miksis-Olds
and Wagner 2011).
Alternatively, individuals may completely abandon an area with increased anthropogenic
sound in favor of one that contains lower anthropogenic sound (Fröhlich and Ciach 2018, Kleist
et al. 2021). However, displacement away from sources of sound may differ among organisms
and study systems. For insects and other small arthropods, displacement may occur over
relatively short distances (i.e., less than 50 meters; Taylor et al. 2005, Weyer et al. 2012),
particularly if substrate complexity attenuates the sound quickly (Classen-Rodríguez et al. 2021).
This complexity could include leafy plants that suppress sound signals (Maleki and Hosseini
2011). Displacement can also occur on a larger spatial scale (i.e., greater than 1 km; Lorch et al.
2005), if insects relocate to habitats where anthropogenic sound is either lowered or absent
(Senzaki et al. 2020). Relocation can alter interspecies interactions if species abandon their
habitat (Senzaki et al. 2020). Specifically, displacement by sound has been documented to affect
predator-prey (Kleist et al. 2016), herbivore-plant (Dale and Frank 2018), and pollinator-plant
interactions (Francis et al. 2012). Ultimately, sound driving insects out of an area can alter food
web dynamics in the community.
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While human-caused changes in ecosystems are generally viewed negatively,
understanding these effects, and implementing them appropriately may become a beneficial tool
for management and conservation. Insect pest are often controlled using large amounts of
chemical pesticides (Lundin et al. 2021), and there is increasing demand for alternative strategies
to reduce pest damage, such as biological control (Kenis et al. 2019). Sound has previously been
considered for pest control (Frings 1964, Aflitto and Hofstetter 2014, Lapshin and Vorontsov
2018). For example, anecdotal reports of using music and sound to manipulate Orthopteran pests,
such as Mormon crickets (Anabrus simplex) have existed for over 50 years (Frings and Frings
1962, Carlton 2009). Mormon crickets and closely related grasshoppers continue to be a pest in
the Western United States (Cowan 1929, Zhang et al. 2019). Grasshoppers compete with
livestock for plants, damaging approximately 25% of rangeland vegetation and costing $1.25
billion annually (Shotwell 1930, Zhang et al. 2019, Zembrzuski et al. 2021). Although the utility
of sound as a management tool for grasshoppers is still unknown, there are several potential
ways sound might be used in management. For example, if grasshoppers are influenced by
specific sounds, it may be possible to use the sounds to drive them away from agriculturally
important crops (Senzaki et al. 2020, Duquette et al. 2021) or into specific areas for targeted
application of chemical pesticides. However, if sound is implemented as a form of management,
further research will also be needed to determine if sound would affect nontarget insects, some of
which have a beneficial impact on plants (Serrão et al. 2022).
To further our understanding of how anthropogenic sound may affect insect ecology, as
well as to investigate the utility of sound for grasshopper management, I conducted a series of
experiments to test the hypothesis that anthropogenic sound can affect insect movement. In all
experiments I used the migratory grasshopper (Melanoplus sanguinipes), which is a common
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rangeland pest in the United States. Specifically, I evaluated movement responses at two
different scales, (1) in situ movement at small scales and (2) relocation at larger scales. I studied
in situ grasshopper movement (measured as total distance moved) using small containers and
video cameras. I studied relocation in a large outdoor mesocosm experiment. Additionally, I
observed the movement of non-grasshopper insects in the outdoor mesocosm experiment to gain
insight on the effects of anthropogenic sound on non-target species.
2.3
2.3.1

Methods
Grasshopper Rearing and Study System
Grasshopper eggs were shipped in containers containing a vermiculite-soil mixture from

Arizona State University. Containers were stored in refrigerators at approximately 4°C to
maintain diapause until they were removed to be hatched for experiments. To hatch eggs, I
placed 15 – 30 eggs in a vermiculite-soil mixture, misted the soil to provide moisture, and placed
the egg containers in 61 x 61 x 61 cm mesh cages (Megaview Science Co., Taichung TW;
distributed through BioQuip Products Inc., Rancho Dominquez, CA, USA). Cages were housed
in an enclosed room at approximately 27°C with a 14:10 hour light to dark ratio. Grasshoppers
usually emerged from eggs after 21 - 28 days, at which time they were fed store-bought organic
romaine lettuce (Lactuca sativa) ad libitum. Cages with hatched grasshoppers were also misted
with tap water daily to provide additional moisture.
I implemented the same experimental sound treatments in both experiments described in
this chapter. Sound treatments involved a playlist of sounds that elicited high respiration rates or
low respiration rate in grasshoppers (frequencies selected based on results from section 1.4.1;
Figure 1.3). For the high respiration rate treatment, the frequencies included 0.1, 0.75, and 2
kHz. For the low respiration rate treatment, the frequencies were 5 and 20 kHz. Sounds were
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generated from a waterproof, Bluetooth speaker that played a playlist of pure tones. The tones
were played in 30 second intervals. A randomly selected frequency played for 30 seconds,
followed by 30 seconds of no sound. After 30 seconds of no sound, a new, randomly selected
frequency was played. This process was repeated for the duration of the experiments.
2.3.2

Grasshopper displacement in the presence of sound
I conducted a field experiment in October 2021. The field, located in Dancy, MS, USA

(33.6617, -89.0768) consisted of vegetation less than 1 meter tall. The vegetation in the field
comprised mostly native grasses and forbs. I used large rectangular mesocosms to determine if
anthropogenic sound influenced the distribution of grasshoppers. I constructed mesocosms (10 x
1 x 1 m) from steel wire fencing frame that was encased in aluminum insect screen on the four
sides, and fiberglass insect screen on the top.
At the beginning of the experiment, I placed 10 grasshoppers randomly inside the
mesocosm, along with a speaker placed outside of the mesocosm. The speaker was placed within
10 cm of the screen and oriented to direct sound down the length of the cage, thus creating a
gradient of decreasing sound along the 10 m mesocosm. For this experiment, I used high
respiration rate sound treatment exclusively. In addition, I placed two 10 x 20 cm white glue
traps (Bell Laboratories Inc, Madison, WI) attached to a 0.75 m wooden stake in each
mesocosm. The glue traps were oriented so that the sticky side was facing the speaker and placed
1 m and 9 m from the speaker-end of the mesocosm.
After 72 hours, I concluded the experiment by sampling grasshopper location with a
modified leaf vacuum (Black and Decker, New Britain, CT, USA). Insect mesh was placed
inside the vacuum tube to capture insects before they entered the impeller mechanism. Rather
than try to estimate the exact location and distance of a grasshopper from the speaker, I divided
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each mesocosm into four zones that I used to designate grasshopper location. The four zones
were 0 – 2.5 m, 2.5 – 5 m, 5 – 7.5 m, and 7.5 – 10 m from the speaker-end of the mesocosm.
Sampling began at the end furthest from the speaker and involved vacuuming the zone for 60
seconds. The contents of the vacuum were emptied into collection bags to be sorted and
quantified later. I would then sample the next zone, repeating the process until I sampled the
final zone near the speaker. I chose to sample by moving towards the speaker to minimize the
probability of a false positive (type 1 error). Had I sampled near the speaker first, it would be
possible that my sampling methods could disturb grasshoppers and drive them away from the
speaker, thus artificially creating a pattern of higher grasshopper density away from the speaker.
I chose to be conservative and sample toward the speaker. In this case, I might mask an effect of
the speaker (i.e., type 2 error), but if I found any evidence that grasshoppers were more abundant
away from the speaker then I could trust that it was caused by the sounds and not the vacuum
methods. To bolster my results, the glue traps provided data on distribution within the cage
independent of the vacuum sampling. I replicated this experimental design eight times.
Mesocosms were reused no more than 1 time, and I left the lids off for at least 14 days between
replicates to allow insect communities to equalize inside and outside of the mesocosm. Glue
traps were returned to the lab where I identified nontarget specimens to taxonomic order using a
dissecting scope.
I analyzed all data in the programming language R. To determine the effect of
grasshopper location in relation to sound, I constructed a generalized linear model with
mesocosm zone as an explanatory variable. I assumed a Poisson distribution to describe
grasshopper location within each zone. For glue trap data, I evaluated insect count as a function
of distance from the speaker (1 m and 9 m) with a linear model, assuming a Poisson distribution.
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For non-target insects, I constructed one generalized linear model that evaluated insect location
separately for each order and one generalized linear model that included all insects sampled
(excluding Hymenoptera; justification below), independent of order. Both models assumed a
Poisson distribution.
After I finished data collection for the experiment, I noted a low recovery rate of
grasshoppers through vacuum sampling in all eight replications. This potentially could hinder my
ability to confidently interpret the results of this portion of the experiment. I conducted a post
hoc power analysis for a Poisson regression, with an assumed power of 0.80 and an alpha value
of 0.05. This post hoc analysis tests for effect size, which can be represented in the z statistic in a
Poisson regression.
In addition, I observed an abnormally high count of a species of ant (Hymenopteran:
Formicidae) in one sample. Post hoc review of my glue trap data revealed it to be an outlier,
therefore I removed all Hymenopteran samples from analyses of glue trap data. My justification
for this is that many members of Hymenoptera exhibit eusocial behavior. Thus, if a single
individual is found on a glue trap, there is a higher probability that other members may be found
there, compared to solitary species. This could inflate the number of individuals found on each
trap regardless of distance. Eusocial behavior and post hoc observation of a large outlier
provided enough support to exclude Hymenoptera from analyses.
2.3.3

In situ grasshopper movement
I conducted a laboratory experiment using video cameras to track the fine-scale

movement of grasshoppers independent of their ability to move to a new location. I observed
grasshoppers under three sound treatments: high grasshopper respiration rate sounds, low
grasshopper respiration rate sounds, and no sound control (see section 2.3.1 for details on
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sounds; Figure 1.3). Four petri dishes (11.5 cm diameter and 1.5 cm tall) were placed flush with
each other in a 2 x 2 grid on top of a white sheet of paper to serve as a background. A video
camera (GoPro Hero 5; GoPro, San Mateo, CA) was placed 35 cm above the petri dishes with
the center of the grid at the center of the video camera frame. For all recordings, I used a
resolution of 1920 x 1080 pixels and recorded at 60 frames per second. I placed a speaker 45 cm
away from the petri dishes, outside of the frame of the camera.
To start the experiment, I began video recording and immediately placed one 3-5th instar
grasshopper into each petri dish. After grasshoppers were inside of the petri dishes, I began
playing one of the three sound treatments. I recorded grasshoppers for 120 minutes while being
exposed to sound. After 120 minutes, I ended the experiment and removed grasshoppers from
petri dishes. In total, I sampled 64 grasshoppers: 20 for the high respiration rate and control
sound treatments, and 24 for low respiration rate sound treatments.
After collecting video data, I removed the beginning and ending twelve minutes of
recording. This removed the timeframe where the video tracking software observed human
movement while I loaded and unloaded grasshoppers. The GoPro camera recorded videos to file
in 12-minute increments, thus removing the first and last file was an efficient method to
eliminate human disturbance from my experiment. I combined the remaining files into one video
file, totaling 96 minutes. I used the program “Bats” developed by Dr. Michael Caprio in the
Department of Biochemistry, Molecular Biology, and Entomology. The program records
individual movement bouts as tracks. A track is represented by a continuous movement event.
The x-y pixel coordinates of each track were recorded and saved to a “.trk” file along with an
image of the track recorded by Bats. I used the images to separate tracks into four groups, one for
each of the four grasshoppers in the trial. I used the package Trajr in the programming language
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R to evaluate the total distance (in pixels) moved by each grasshopper. Finally, I converted the
distance moved in pixels to centimeters for my analyses. I used a linear model with a normal
distribution to compare the mean distance traveled by grasshoppers in each sound treatment.
2.4

Results

2.4.1

Grasshopper displacement in the presence of sound
Of the 80 grasshoppers used in this experiment, I recovered 12 through vacuum sampling

and 17 on the glue traps. In the 8 replicates I did not recover any grasshoppers in the two zones
closest to the speaker (0 – 2.5 m and 2.5 – 5 m). I recovered five grasshoppers in zone 5 – 7.5 m
and seven grasshoppers in zone 7.5 – 10 m. Despite these differences, statistical analysis did not
reveal a significant difference in the number of grasshoppers recovered among the mesocosm
zones (z = 0.004, p = 0.997; Figure 2.1). This non-significant effect is not surprising given the
low power revealed by the power analysis, in which I did not achieve the necessary critical value
of 1.96.
The number of insects (all orders, minus Hymenoptera) captured on the glue traps at 1 m
(123 individuals) vs 9 m (140 individuals) did not differ (z = 1.048, p = 0.295; Figure 2.2).
Analyzing abundance by taxonomic order followed a similar statistical trend. Of the eight orders
analyzed, none differed in the number of individuals collected on the 1 m and 9 m glue traps
(Table 2.1; Figure 2.3).
2.4.2

In situ grasshopper movement
I failed to reject the hypothesis that sound affected the total distance moved by a

grasshopper, finding that grasshoppers in the in situ movement experiment moved similar
distances under control (x̅ = 2090.5 ± 469.80 cm), low respiration rate sound treatments (x̅ =
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2072.35 ± 571.66 cm), and high respiration rate sound treatments (x̅ = 1621.74 ± 466.49 cm; F =
0.2551, df = 2, 61, p = 0.7757; Figure 2.4).
2.5

Discussion
Despite evidence that sound treatments induce stress responses in grasshoppers (e.g.,

Chapter 1), I found no statistically significant effect of sound on movement and distribution of
grasshoppers or other insect orders (Figures 2.1 and 2.3). In the grasshopper displacement
experiment, recovery of released grasshoppers was low. Assuming all grasshoppers captured in
the vacuum and glue trap sampling were individuals that had been released for the experiment,
my total recovery rate was 36%. As such, my statistical power was low, and I was unable to
reject the null hypothesis that sound affects the distribution of grasshoppers in large mesocosms.
The low recover rate means that these results should be interpreted with caution. However, these
data are still compelling.
In both datasets (vacuum samples and glue trap samples), no grasshoppers were captured
near the speaker, but some were always captured further from the speaker. While far from
conclusive, these patterns suggest that further work is warranted. Future research should focus on
improving recovery rate and increasing sample size. Implementing multiple collection
techniques may be one way to improve grasshopper recovery. Glue traps placed in each
mesocosm zone is one improvement that could be implemented, although this may introduce a
bias if grasshoppers are captured in a glue trap outside their preferred zone. This could be
addressed by allowing the sound treatments to continue for several days before deploying the
glue traps, with the assumption that grasshoppers would be captured after they had the
opportunity to move. Adding a visual identifier to grasshoppers prior to the experiment can allow
for a mark-recapture experiment with visual observation as a data collection technique. This will
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heavily depend on the vegetation within the mesocosm as larger, thicker vegetation would
increase the difficulty in detection. Vacuum sampling is still a reliable technique for
invertebrates but ultimately, some combination of these three sampling protocols would increase
recovery success. Furthermore, more replicates would be important for future analyses. If
replicates are higher, but there is still a large portion of the data that represents zero grasshoppers
recovered, an alternative analysis could be a zero-inflated Poisson regression as opposed to a
regular Poisson regression.
I was successful at tracking and quantifying grasshopper movement using video and
computer tracking software. However, statistical analyses failed to detect any difference in in
situ total movement between the two sound treatments (Figure 2.4). This contradicts the
hypothesis that grasshoppers move in response to anthropogenic sound. It is worth noting that
although this experiment was a needed first step, it is not without limitation and the results are
not conclusive. Observing and quantifying grasshopper movement in natural settings is
extremely difficult. Direct observation by researchers can lead to stress responses by
grasshoppers (B.T. Barton, personal communication) and therefore video tracking is a promising
technology to gather movement data without influencing the results. However, the natural habitat
for grasshoppers is a mosaic of plant species that produce a complex environment, and video
tracking technology currently has limited ability to follow small animals through vegetation.
Thus, these experiments necessitated a simple background and I observed grasshoppers in small
petri dishes on a plain white background. The impacts of this artificial setting are unknown. As
technology advances, future studies of grasshopper movement may benefit from nano-sized
accelerometers and telemetry that may allow the quantification of movement in realistic
environments (Harrison et al. 2010). Unfortunately, that is beyond the scope of this study.
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Although anthropogenic sound did not have a detectable effect on the movement of
insects in these experiments, the utility of sound as an application in pest management may still
have value (Bhairavi et al. 2020). While more work is needed to determine if sound can be an
effective management tool against grasshoppers, it is encouraging that I found no evidence that
sound affected non-target organisms (Figure 2.2, 2.3). Unlike the grasshopper data where I
recovered no grasshoppers near the speakers, I did find individuals of other taxonomic orders
near the speakers. This is compelling evidence that these orders were not avoiding the sounds
that are known to induce stress responses in grasshoppers (Figure 1.3). An important aspect of
modern pest management programs is mitigating the negative effects of pest control on non-pest
species (Ha 2014, Schmidt‐Jeffris et al. 2021). Most insecticides used for the control of
grasshoppers and other agricultural pests are not selective (Bradshaw et al. 2013). That is, the
insecticides are lethal or otherwise detrimental to other insects, including beneficials such as
predators that provide biological control. Although the effects of these sound treatments on
species besides grasshoppers should be studied further, my data provide no evidence that these
non-target orders of insects are moving away from the tested sounds.
In summary, I found no statistically significant effect of sound treatment on the
movement of grasshoppers or other insects. The lack of significant effects in the grasshopper
data is probably due to (1) low recover rates of grasshoppers and (2) the complete lack of any
captured grasshoppers in the zones or glue traps near the speakers. While this pattern is
compelling, it produced statistical challenges that reduce my power to reject the null hypothesis.
As such, continued research is warranted to build on the foundation that these experiments
provide and further the understanding of the effects of sound on grasshopper movement.

39

Table 2.1

Poison regression on insect order

Order
z-value
p-value
Dermaptera
-0.008
0.9937
Diptera
0.000
1.0000
Hemiptera
1.536
0.1246
Odonata
0.008
0.9935
Orthoptera
0.010
0.9924
Psocoptera
0.008
0.9935
Thysanoptera
0.524
0.6002
Results of Poisson regression on the abundance of insects caught in glue traps 1 m and 9 m away
from the speaker.
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Figure 2.1

Grasshoppers sampled by mesocosm zone

Grasshoppers recovered from each of the four zones in 10 m long mesocosms. No grasshoppers
were recovered near the speaker (0-2.5m and 2.5-5.0 m). Although some grasshoppers were
recovered in the zones opposite the speaker, low recover rates reduced statistical power and
statistical analysis revealed no significant differences among the four zones (p = 0.997). Each
box contains a line that represents the median of the data collected. Edges of the box represent
first, and third quartile regions of data collected.
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Figure 2.2

All insects recovered from glue traps

Total number of insects collected from glue traps in large rectangular mesocosm (10 x 1 x 1m)
relative to the location of a speaker playing pure tone sounds. Glue traps were placed either 1
meter or 9 meters away from the speaker. Each box contains a line that represents the median of
the data collected. Edges of the box represent first, and third quartile regions of data collected.
There was no significant difference in the number of insects collected at different distances from
the speaker (n = 8, p = 0.295).
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Figure 2.3

Insects recovered from glue traps by order

Number of insects collected from glue traps by Order. White boxes indicate specimens collected
1 m from the speaker and gray boxes indicate specimens collected 9 meters from the speaker.
Each box contains a line that represents the median of the data collected. Edges of the box
represent first, and third quartile regions of data collected. There was no significant difference in
the number of insects found between 1 meter and 9 meters glue traps for any insect order (n = 8,
all p's ≥ 0.1246).
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Figure 2.4

Grasshopper movement in situ

Total distance moved by grasshoppers exposed to three different sound treatments in video
tracking experiments. Grasshoppers were recorded for 96 minutes. Mean distance traveled in
centimeters was calculated for grasshoppers exposed to sounds that elicited high respiration rate,
sounds that elicited low respiration rate, and no sound control. Each box contains a line that
represents the median of the data collected. Edges of the box represent first, and third quartile
regions of data collected. Distanced moved by grasshoppers did not differ among the three sound
treatments (p = 0.78).
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CHAPTER III
INTEGRATING PREDATORS AND POLLINATORS TO UNDERSTAND THE NET
EFFECT OF WARMING ON PLANTS
3.1

Abstract
Climate warming is posing novel challenges for communities. Increased temperatures

force individuals to adjust behavior to avoid suboptimal conditions, which can in turn generate
effects on other members of the community. Most of this research has focused on consumerresource interactions of predation and herbivory, along with pollinator-plant relationships.
However, few studies examine consumer-resource interactions in a system with a pollinator as
the prey. I tested the hypothesis that pollinator-plant relationships are indirectly affected by
warming, mediated through a spider predator. Using video data, I observed pollinator visitation
to flowers with and without spiders. I also evaluated the location of spiders in the presence of
experimental warming. My results indicate that pollinators visit flowers more frequently and for
longer if spiders are not present on the inflorescence. Furthermore, spiders move down the stem
of the plant in warmed treatments. The combined results of these experiments suggest that
warming may have a two-fold positive effect on plants by reducing predation risk on flowers and
by potentially reducing herbivory if spiders that move down the plant stem shift their diet to
herbivores instead of pollinators. More work is needed to confirm the latter interaction between
spiders and herbivores. However, this study demonstrates the importance of considering
predator-pollinator interactions to accurately predict the future of prairie grasslands.
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3.2

Introduction
Human activity is leading to elevated greenhouse gases and causing an increase in global

temperatures (IPCC 2014). Climate warming is readily understood to be a driver of community
change (Harte and Shaw 1995, Barton et al. 2009, Hegland et al. 2009, Jeppesen et al. 2010).
Increasing global temperatures may influence individuals directly, such as inducing heat stress
(Oswald and Arnold 2012) or provoking thermoregulatory behavior (Walther et al. 2002,
Kearney et al. 2009, Huey et al. 2012a). However, even if an organism is not directly affected by
warming it may be indirectly affected. This can arise because organisms are connected to others
in complex communities, and if climate warming affects even a single species, the interactions
with other species may change (Strauss 1991, Tylianakis et al. 2008). These direct and indirect
effects of warming are not mutually exclusive and ultimately, both factor into how communities
will respond to future climate conditions.
Much of the research on the effects of climate change have focused on understanding
how plants and plant communities will respond to environmental change (Short and Neckles
1999, Corlett and Westcott 2013, Franklin et al. 2016). This stems from a long-held view that
ecosystems are largely shaped through bottom-up processes, where the abundance and traits of
primary producers determine the abundance and composition of higher trophic levels (Power
1992, Bidart‐Bouzat and Imeh‐Nathaniel 2008, Dijkstra et al. 2012). However, ecology has come
to appreciate the substantial role consumers play in shaping ecosystems via top-down processes
(Hairston et al. 1960, Schweiger et al. 2008, Vidal and Murphy 2018, Visser and Gienapp 2019)
and a growing body of research suggests that these higher trophic levels mediate the net effects
of environmental change (Voigt et al. 2003, O'Connor et al. 2009). Thus, understanding how
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higher trophic levels will respond to climate warming may prove beneficial to predicting how
communities will respond (Rothley and Dutton 2006, Sgro et al. 2016).
Consumers can implement a suite of behaviors to deal with the consequences of climate
warming (Huey and Tewksbury 2009, Harmon and Barton 2013, Wong and Candolin 2015,
Buchholz et al. 2019). Behavioral thermoregulation is widely understood as a mechanism that
allows ectotherms to regulate their body temperatures (Stevenson 1985, Kearney et al. 2009).
For instance, insects can alter body orientation to maintain their current body temperature
(Bonebrake et al. 2014). Alternatively, animals can adjust their spatial position to take advantage
of cooler microclimates, but this change in consumer location can have indirect effects on
species in the community (Barton and Schmitz 2009, Ma and Ma 2012, Alston et al. 2020, Wolff
et al. 2020). For instance, predators that abandon thermally stressful areas in search of thermally
preferable areas release the prey in their previous environment from predation risk (Winder and
Schindler 2004, Barton 2010). In addition, predation risk may increase in the thermally
preferable areas as predator density increases (Miller et al. 2014). This increased predation risk
has been shown to lead to stronger direct and indirect effects in the community (Shurin et al.
2012, Werner and Matthiessen 2013, Uszko et al. 2017, Antiqueira et al. 2020).
In recent decades, ecologists have gained considerable insight into how increasing
temperatures affect interspecific interactions, such as predation and pollination. While working
on simplified communities is a necessary first step to understanding the effects of global change,
the organisms engaged in these interactions do not exist independently of one another (Gilman et
al. 2010). In general, research on pollinator-plant interactions ignores predators (Romero et al.
2011), even though predators can influence pollinator-plant systems (Dukas 2005, Ings and
Chittka 2009, Antiqueira et al. 2020, Benoit and Kalisz 2020). For example, crab spiders
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(Thomisidae) reduced the frequency of flower visits for a species of bumblebee, Bombus
ternarius (Dukas and Morse 2003). This change in pollinator behavior can affect plant fitness if
reduction in pollination decreases seed set or fruit biomass (Schweiger et al. 2010, Antiqueira
and Romero 2016, Thomson 2019). Integrating the fields of predator-prey and pollinator-plant
research is fundamental to predicting how communities will respond to climate warming.
The effects of climate warming are not expected to apply uniformly to each member of
the community (Flato and Boer 2001, Tunney et al. 2014, Bartley et al. 2019). How a species
will respond to future warmed environments is dependent on a myriad of factors. These factors
include, but are not limited to, an individual’s mobility (Warren et al. 2001, Robinet and Roques
2010), body size (Dell et al. 2014, Lindmark et al. 2019), and foraging strategy (Dell et al. 2014,
Dupoué et al. 2017, Twardochleb et al. 2020). In addition, some animals may be constrained to a
specific microenvironment, minimizing their ability to adjust to future conditions (Holt and
Jørgensen 2015). For example, pollinators only interact with inflorescence, which is located
higher up the plant. This is typically the warmest part of the plant (Barton and Schmitz 2009),
meaning they must be exposed to higher temperatures to feed (Hegland et al. 2009). While
pollinators may not have the ability to avoid the high temperatures present on flowers, predators
that hunt in these areas may have more flexibility. For example, some predatory spiders
behaviorally thermoregulate by leaving hot areas near the tops of plants and moving to cooler
areas lower in the plant canopy (Barton 2010). This may generate an indirect positive effect on
plants if the presence of predators on flowers decreases pollination and plant fitness (Dukas
2005, Romero et al. 2011), and the movement of predators away from flowers allows for
increased pollination (Dukas and Morse 2003, Benoit and Kalisz 2020). However, predators
must still consume prey to survive and reproduce, and therefore are likely to consume alternative
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prey when forced into new areas (Barton and Schmitz 2009). If the alternative prey that predators
consume lower on the plant are herbivores, the warming-induced movement of predators
downward may generate a second positive indirect effect on plants by reducing herbivory.
I tested the hypothesis that climate warming can indirectly effect pollinators by altering
predator behavior. Specifically, I tested how pollinator visitations to flowers are influenced by
the presence of a spider predator and how warming alters the hunting location and potential prey
of spiders. To accomplish this, I conducted two experiments. The first evaluated the relationship
between predatory green-lynx spiders (Peucetia viridans) and their pollinator prey in a natural
setting by analyzing the duration and frequency of visits made by pollinators to flowers with and
without spiders. A second experiment explored the effect of experimental warming on the
vertical location of a predator, the green-lynx spider and a potential alternative food source, the
migratory grasshopper (Melanoplus sanguinipes). The collective results of these experiments
provide insight on how anthropogenic warming can alter predator-pollinator interactions and
potentially generate indirect effects on plant communities, however, more work is needed to
determine the effect on the latter.
3.3
3.3.1

Methods
Study System
Species in the following experiments are typically found in a grassland prairie system.

Green-lynx spiders are sit-and-wait predators that often hunt on the top of plant inflorescences
(Arango et al. 2000). These spiders ambush pollinators, predominantly members of Hymenoptera
that visit flowers (Nyffeler et al. 1987, Seidel 2019). Migratory grasshoppers are generalist
herbivores that feed on a mix of grasses and forbs (Joern and Behmer 1998). Pollinators
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comprise multiple taxonomic orders but are primarily dominated by members of Hymenoptera,
Diptera, and Lepidoptera (Denning and Foster 2018, Sexton and Emery 2020).
3.3.2

Observation of spiders and pollinators in natural systems
I used video cameras to record green-lynx spider and pollinator behavior on black-eyed

Susan (Rudbeckia hirta) plants. The study took place at Osborn Prairie (Leidolf and McDaniel
1998), outside Starkville, MS (33.506459, -88.737564). I included spider present and spider
absent treatments to determine if predator presence influenced visitation time of pollinators to
black-eyed Susan plants. This was a paired design, in which I selected naturally occurring plants
within five meters of each other with similar characteristics. I chose plants of similar height that
were isolated from other flowering plants to minimize background activity that would be
captured in the video recording. For spider present treatments, I selected flowers with one spider
either on top of or directly underneath the inflorescence of each plant. For spider absent
treatments, I selected flowers that did not have a spider present. For each plant, I monitored air
temperature using a data logger (Onset Corporation, Bourne, ME) programmed to record at 10minute intervals. The data logger was suspended at 0.3 m above the soil using a t-post and
encased in a heat shield to prevent biased temperature recordings from solar irradiance.
At each flower I placed a video camera (GoPro Hero 5; GoPro, San Mateo, CA) at the
same height of the plant. The camera was aligned with flower orientation with the center of the
inflorescence at center frame. I recorded video for approximately six hours per flower, which
was the limitation of the camera battery. Cameras recorded at a resolution of 1920 by 1080
pixels at 60 frames per second. Video data was stored on microSD cards and deposited onto a
hard drive for later analysis. In total, I replicated this paired design 18 times across June and July
months in 2020 and 2021.
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I scored each video for the duration of time a pollinator visited each flower. It was not
feasible to consistently identify insect visitors to a meaningful taxonomic level. Therefore, any
insect that visited the flower was considered a potential pollinator. I acknowledge that this may
overestimate insect pollination efforts relative to the time spent visiting each flower. I recorded
the start and end time of the visitation to the nearest tenth of a second. A visitation event was
defined as the point where an insect was engaged with the anther of the plant. For black-eyed
Susan, all reproductive flower parts are located at the center disc of the inflorescence, giving a
distinct identifier of a visitation event.
Using a generalized linear mixed effect model, I analyzed the mean duration of visitation
events as a factor of spider presence and flower temperature. After evaluating the distribution of
data, I assumed a gamma distribution in my regression to account for a rightward skew. In this
experiment, the sample of relevance was the visitation event, but there are multiple visitation
events per flower. Therefore, I defined each paired sample of spider present and spider absent
flowers to a block and treated block as a random effect in my model. I completed all analyses in
the programming language R. In addition, I evaluated the frequency of visits to each flower per
video recording. To do this I used a generalized linear model with a Poisson distribution. The
recording time of each video was not the same among samples, due to battery life of each camera
not being identical. Therefore, I also analyzed the number of visits per minute in spider present
and absent flowers by dividing the total number of visits by the length of the video in minutes. I
used this to construct a linear model with a normal distribution to analyze the visitation rate
(visits/min) as a function of spider presence on a flower.
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3.3.3

Effects of experimental warming on spider and grasshopper locations
I conducted an outdoor experiment to quantify the effect of warming on the behavior of

green-lynx spiders and migratory grasshoppers. Spiders were collected from a prairie field near
Starkville, MS (33.506459, -88.737564) by collecting individuals off black-eyed Susan plants
with collection cups. Grasshopper eggs were shipped from Phoenix Laboratory (USDA-APHIS,
Phoenix, AZ) and hatched in mesh cages (61 x 61 x 61 cm) within an enclosed room at
approximately 27°C. Upon hatching, grasshoppers were fed store-bought organic romaine lettuce
(Lactuca sativa) ad libitum until they were ready to be used in the experiment. Black-eyed Susan
plants were collected from the same prairie site as the spiders to serve as a substrate for the
experiment. I retrieved black-eyed Susan plants from the prairie by cutting a single stem at the
base of the plant. The plant was placed into a plastic gardening pot (0.2 m diameter x 0.15 cm
height) and filled in with soil. I conducted this experiment inside mesh butterfly cages (0.4 x 0.4
x 0.6 m) and thus selected plants that were less than 0.5 m tall after being transplanted. Cages
were placed on the ground of a mowed field in Starkville, MS USA. Each cage contained one
spider, one 3rd – 5th instar grasshopper, and one black-eyed Susan plant. The experiment was a
paired design. Thus, I attempted to minimize biases due to plant characteristics. I selected for
plants with similar visual characteristics, such as height.
I implemented two temperature treatments, warmed and control. Warmed treatments
were created by placing one 150 W ceramic heat lamp (Exo-Terra, Mansfield, MA) 0.8 m above
the top of each flower. This created approximately a 2 - 3°C increase at the flower level
(temperature regime according to Exo-Terra; see also Speights et al. 2018). Control cages were
identical to warmed cages, except the heat lamp was not turned on. Heat lamps in warmed
treatments were on continuously for the duration of the experiment. I recorded the temperature of
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each cage using a data logger (Onset Corporation, Bourne, ME) placed at a height of 0.3 m and
attached to the stem of each plant. I opted to conduct trials under similar weather conditions in
June 2020, selecting for ten days with minimal cloud cover for the duration of the experiment.
The range of daily, average temperatures during trials was 23 – 27°C.
I observed the location of the spider and grasshopper in each cage at 30-minute intervals
from 09:00 – 17:00 hours. Thirty minutes prior to the experiment, I placed spiders and
grasshoppers into the cages. I also turned heat lamps on at this time for the warmed treatments.
To quantify spider location on the plant, I assigned five, categorical locations to the plant: 1)
ground level (off plant), 2) bottom half of stem, 3) top half of stem, 4) underneath flower petal,
5) on top of flower petal. Since grasshoppers do not visit the inflorescence of a plant, I removed
the latter two locations, leaving 1) ground level (off plant), 2) bottom half of stem, 3) top half of
stem. I replicated this paired experiment 10 times, with each day consisting of one replication.
To evaluate if temperature treatment influenced spider location, I constructed a 2 x 5
contingency table with location as rows and temperature treatment as columns. I performed a
Fisher’s exact test in the programming language, R. My resulting p-value was calculated through
a Monte Carlo simulation with 2000 replications. Grasshopper location was analyzed in a similar
way, except that I generated a 2 x 3 table, given that I observed three distinct locations.
3.4
3.4.1

Results
Observation of spiders and pollinators in natural systems
I observed 133 pollinator visitation events when spiders were absent on flowers and 87

visitation events when spiders were present on flowers. Pollinators in spider absent treatments
visited flowers for a mean duration of 43.96 seconds. When a spider was present, the mean
pollinator visitation time was 20.87 seconds, indicating a 52.53% decrease due to spider presence
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(t = 4.813, df = 1, 229, p < 0.001; Figure 3.1). While spider presence did decrease pollinator
visitation time, the temperature at each flower did not (t = -2.45, df = 1, 229, p = 0.807), nor was
there an interactive affect between temperature and spider presence (t = -1.181, df = 1, 229, p =
0.239).
The mean number of visitors was 7.33 per flower for spider absent treatments. Visitors
decreased to a mean of 5.44 when spiders were present on flowers, which was significantly
lower that spider absent treatments (z = -2.234, df = 1,35, p = 0.026; Figure 3.2). Neither
temperature (z = -0.298, df = 1,35, p = 0.726), nor the interactive effect of temperature and
spider presence (z = 0.100, df = 1,35, p = 0.921) were significant.
Evaluating visitation rate indicated that pollinators visited flowers at 0.023 visits per
minute in spider absent treatments and 0.017 visits per minute in spider present treatments.
Pollinator visitation rate was significantly lower in spider present treatments (F = 5.559, df = 1,
32, p = 0.025; Figure 3.3). Neither temperature (F = 0.047, df = 1, 32, p = 0.830), nor the
interaction of temperature and spider presence (F = 0.007, df = 1, 32, p = 0.932) were significant
predictors of visit rate for pollinators.
3.4.2

Effects of warming on spider and grasshopper locations
The Fisher’s exact test revealed that the distributions of spiders was different in warmed

versus control treatments (p < 0.001; Figure 3.4). In control treatments, spiders were found on
top of or below the inflorescence of flowers 66 percent of the time. In warmed treatments,
spiders were only found on the inflorescence 30 percent of the time. Instead, spiders shifted
down the plant. Of all spider locations sampled in warmed treatments, 50 percent were located
on either the lower plant or at the ground level.
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In both treatments, grasshoppers were frequently found near the top of the cage, off the
plant and ground completely. Of the 170 possible observations for grasshoppers in each
temperature treatment, this occurred 83 times for control treatments and 74 times for warmed
treatments. I excluded these occurrences in my analysis as grasshoppers were not located on the
plant or ground locations during these specific observations. The distribution of grasshoppers did
not differ significantly between control and warmed temperature treatments (Fisher’s exact test,
p = 0.1092; Figure 3.5). Grasshoppers were found on the upper stem 45 times in control
treatments versus 39 in warmed treatments. In the lower stem location, I counted 33
grasshoppers in control treatments and 51 in warmed treatments. Finally, I found 9 grasshoppers
on the ground in control cases and 6 grasshoppers on the ground in warmed treatments.
3.5

Discussion
Green-lynx spiders are sit-and-wait predators that normally reside either on top of or

underneath flower inflorescence (Nyffeler et al. 1987, Arango et al. 2000). They prey on
pollinators, predominantly Hymenopterans, which visit the flower (Turner 1979, Huseynov
2007). My results revealed that warming temperatures affected spider movement. In warmed
treatments, spiders were found more frequently at lower areas of the plant, spending 55% less
time on the inflorescence (Figure 3.4). When a spider is absent from that inflorescence,
pollinators visited plants more frequently and for longer compared to when a spider was present
(Figure 3.1-3), providing evidence that warming weakens top-down control in this community
(Dukas and Morse 2003, Benoit and Kalisz 2020, Harvey et al. 2020). If pollinators can visit a
flower for longer, individuals may collect more pollen to disperse to other flowers (Ne'eman et
al. 2010). The relationship between time spent at a flower and pollen collected is likely not
linear, especially since pollen collection efficiency varies with species of pollinator and plant
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(Eeraerts et al. 2020). These data may support the hypothesis that warming has a positive,
indirect effect on plants, mediated through a spider predator. However, since we did not directly
address plant characteristics, such as seed set or fruit biomass, future studies are needed to
properly address this hypothesis.
Should temperatures continue to rise as is predicted from anthropogenic climate change,
these spiders will likely be forced to sacrifice their preferred hunting habitat in favor of lower
quality ones (Malmos et al. 2021). In these cases, they will move down the stem of the plant,
potentially entering the same area that grasshoppers or other herbivores inhabit. Spiders in these
lower areas may have consumptive and nonconsumptive effects on herbivores that are present in
the area (Barton and Schmitz 2009, Barton 2010). My data demonstrate that warming can
increase spatial overlap between spiders and grasshoppers (Figure 3.4, Figure 3.5). Although I
did not collect data to demonstrate the effects of spiders on grasshoppers, a large body of
literature has described both density-mediated and trait-mediated effects of spiders on
grasshoppers that indirectly benefit plants (Belovsky and Slade 1993, Schmitz 1998, Laws and
Joern 2015). However, none of the aforementioned studies used green-lynx spiders, suggesting it
is still unclear if green-lynx spiders will have a similar effect. Future studies on green-lynx
spiders and other flower dwelling predators should examine the consumptive and
nonconsumptive effects on herbivores to determine if warming can have a two-fold positive
effect on plants by reducing herbivory and increasing pollination.
Experimental warming influenced spider location on a plant, but natural temperature
variation did not influence the duration or frequency of visits from pollinators to flowers.
Temperature also did not have any interactive effect with spider presence on visits by pollinators.
This may be due to the case that spiders are soft-bodied arthropods and prone to desiccation
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more than hard-bodied insect pollinators. The asymmetrical response of spiders and insects has
been established in similar predator-prey and plant-pollinator systems (Dong et al. 2013, Dyer et
al. 2013). One potential explanation why I did not see a relationship between temperature and
pollinator visitation time is due to my experimental design. I sampled pollinators visiting flowers
in a paired design in close proximity. In this scenario, the difference in temperature between a
flower with a spider present and a spider absent is likely too small to elicit a response, especially
that data loggers have an error of ± 1°C. A solution to this obstacle can be to sample across a
larger temperature regime or conduct laboratory experiments that allow for more controlled
temperature, although these solutions also have limitations.
In my second experiment, the effects of warming on spider and grasshopper locations, I
began each sampling period by placing spiders directly on top of the flower inflorescence. I did
so to emphasize that spiders are moving down the stem of the plant in warmed treatments while
remaining on the inflorescence in control groups. In addition, green-lynx spiders typically reside
on plant inflorescence to ambush visiting pollinators. Under control conditions, I would expect
spiders to remain at this location, which is what my experiment showed (Figure 3.4). Placing
spiders on inflorescence consistently can violate the assumptions of a Fisher’s exact test, given
that spider location is not completely independent among observations. I submit that this is an
acceptable violation to effectively demonstrate the effect warming has on green-lynx spiders
specifically. However, I acknowledge that my interpretation is limited and suggest further studies
to corroborate my findings.
My results suggest that spiders may mediate an indirect benefit of warming for plants
through two mechanisms. First, plants may benefit from warming via increased pollination rates
and seed set. If warming does not have a negative effect on the abundance or activity of
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pollinators, plants are likely to benefit if the inflorescence is thermally stressful to pollinator
predators. While there is evidence that some pollinators may be negatively affected by warming
(Memmott et al. 2007), there is evidence that others may not (Rands and Whitney 2008, Scaven
and Rafferty 2013). The net effect of warming on the pollinator community will differ among
specific regions, species of pollinators, and plant types (Renner and Zohner 2018). The second
potential benefit for plants is that predators of pollinators may switch prey and begin attacking
herbivores. As spiders move lower in the plant canopy, they may reduce herbivory by directly
killing herbivores as well as causing herbivores to flee to plants with lower predation risk. In
similar systems, the shift of spider location has been credited with substantially affecting plants
and altering plant communities (Barton and Schmitz 2009). Whether or not warming will have
similar effects in this or other systems remains unknown but pursuing these questions in future
studies is a laudable next step.
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Figure 3.1

Duration of pollinator visits to flowers

Visitation events were recorded with video cameras in the field on flowers with and without the
presence of a spider. Duration of flower visit was recorded in seconds for 18 replicates of each
treatment. Pollinators spent less time visiting flowers with spiders present compared to flowers
with spiders absent (t = 4.813, df = 1, 229, p < 0.001). Each box contains a line that represents
the median of the data collected. Edges of the box represent first, and third quartile regions of
data collected.
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Figure 3.2

Frequency of visits to flowers by pollinators

Visitation events were recorded at flowers with and without predatory spiders present. When
spiders were absent, pollinators visited flowers 34.74% more often (z = -2.234, df = 1,35, p =
0.026. Each box contains a line that represents the median of the data collected. Edges of the box
represent first, and third quartile regions of data collected.
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Figure 3.3

Visit rate by pollinators to flowers

Pollinators were observed visiting flowers with and without spiders present. The frequency of
pollinator visitors was divided by the length of time recording each flower to establish a rate in
terms of visits per minute. Visit rate was significantly lower in spider present treatments (F =
5.559, df = 1, 32, p = 0.025; Figure 3.3). Each box contains a line that represents the median of
the data collected. Edges of the box represent first, and third quartile regions of data collected.
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Figure 3.4

Proportion of spider location on plants

Location of spiders on plants in warmed and control treatments. Spiders were placed on blackeyed Susan plants, and their location was recorded every 30 minutes from 09:00 – 17:00 hours.
Proportions were calculated by comparing the frequency of spiders found in each location to the
total number of observations. In control treatments, spiders remained towards the top end of the
plant, mostly on the inflorescence of the plant. When exposed to artificial warming, spiders
shifted to lower areas of the plant (n = 10, p < 0.001).
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Figure 3.5

Proportion of grasshopper location on plants

Grasshopper location in control and warmed treatments. I observed grasshopper location on
black-eyed Susan plants at 30-minute intervals from 09:00 – 17:00. Grasshopper location was
categorized in one of three locations: Upper Stem, Lower Stem, and Ground in relation to the
plant. Proportions were calculated by comparing the frequency of grasshoppers found in each
location to the total number of observations. There was no evidence that grasshopper location
was different between control and warmed treatments (n = 10, p = 0.1092).
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